Abstract Aluminizing process is an important technology in which aluminum is introduced into the surface of base material. In this work, aluminized layers were produced by the pack cementation process on Inconel 600, Inconel 625 and Nimonic 90 nickel-based alloys. Powder mixture contained 80% of Al and 20% of Fe-Cr. Microstructure, hardness, chemical composition and heat resistance were investigated. The microstructure consisted of intermetallic phases near the surface, and below them, the solid solution was observed. The oxidation resistance at elevated temperature of alloys with the layer was compared with pure alloys. After 20-h annealing at 1000°C, the phase analysis was carried out. On the Nimonic 90 with aluminized coatings, a lot of Cr 2 O 3 and Al 2 O 3 oxides were produced, whereas on the pure Nimonic 90, a lot of NiO oxides were observed. It was found that the best heat resistance was obtained for the layer produced on the Nimonic 90.
Introduction
Ni-based alloys are modern materials which have a lot of important applications, for example, turbine blades in jet engines or some stuff for the heat treatment furnaces [1] . During the operation, turbine blades are exposed to inclement factors: high rotational speed at elevated temperatures, bending and torsional stress, which can cause blade failures. These failures can be grouped into two categories: high-cycle fatigue, low-cycle fatigue and creep rupture. Nibased alloys have to be characterized by good properties at high temperatures, such as excellent mechanical strength and creep resistance. The Ni alloys which are used in heat treatment furnaces have to be characterized by high oxidation resistance. The most effective alloying element for improving the heat resistance of superalloys, such as Nibased alloys, is chromium and aluminum [2] [3] [4] [5] . To improve properties of Ni superalloys, surface technology is often applied, e.g., diffusion aluminizing is very popular. This process, producing nickel aluminides ? Al 2 O 3 coating on the surface, provides the appropriate heat resistance [6, 7] and can be used for various materials. Such coatings are formed on TiAl alloys [8] , austenitic steel [9] , Co-based superalloy [10, 11] or aforementioned Ni-based alloys [7] . It is also possible to produce these coatings on alloys such as Fe-30Cr and impure metals such as Fe, Ni or Mo [12] . Al-Si powder is often used in order to produce the aluminide coatings on Ni-based alloys [13] . Chromoaluminizing process is a technology in which chromium and aluminum are introduced in various proportions onto the surface of base material. After oxidation, the chromoaluminized coating consists of Al 2 O 3 and Cr 2 O 3 phases on the surface. This process can be used to modify the materials as follows: steel [1, 14] , austenitic steel [15] or Ni-based alloys [16, 17] .
In recent years, aluminizing and chromoaluminizing processes have intensively developed. One of them is the circulation method. It is a one-stage method in case of the aluminizing process. Chromoaluminizing is a two-stage process consisting of two stages: chromizing as the first treatment and aluminizing carried out after that. Microstructure of various coatings differ strongly and depend on the base material. The coatings produced on nickel alloys during chromoaluminizing process consist of intermetallic phases: Ni (Cr)-! and Ni 3 Al-!' [17] .
Pack cementation method is also often applied. Onestage process can also be used in case of aluminizing. The microstructure of aluminized materials consists of intermetallic phases FeAl and Fe 3 Al for Fe-30Cr, and pure Fe is used as a substrate of Ni 2 Al 3 and NiAl phases for aluminized Ni and of Mo 3 Al 8 for Mo substrate [12] . Chromoaluminizing process can be carried out by one-or twostage method using pack cementation [6, [14] [15] [16] [18] [19] [20] . The chemical composition of powder mixture is crucial because it highly influences the coating properties. This composition, as well as its influence on microstructure, concentration profiles of elements and oxidation resistance, has been analyzed in the studies [14, 15] . Fluidized bed chemical vapor deposition can also be applied in order to obtain chromoaluminized coating. This method combines the characteristics of a fluidized bed reactor, uniform temperature, gas distribution and complete mixing of the reacting elements [21] .
Till date, lack of reports on aluminizing processes modified by chromium on Ni-based alloys exists. To gain new information about this phenomenon, we have used the following procedure. A powder mixture with a composition of Al and Fe-Cr (as a source of Cr), NH 4 Cl (as an activator) and kaolin as an inert filler was used. The one-step pack cementation method was investigated. The microstructures, chemical and phase compositions, hardness and heat resistance of aluminized coatings modified by chromium on Ni-based alloys were presented (Inconel 600, Inconel 625 and Nimonic 90). For the first time, we have shown the usefulness of confocal microscopy for nickel alloys' microstructure studies. Finally, we have shown great improvement in the nickel-based alloys properties. This investigation has shown that the aluminizing layers can be very interesting in high-temperature applications. Other investigations [2, 22, 23] show that, during working condition, on the nickel alloys surface, a lot of oxides are produced. But these oxides does not protect the surface from oxidation at high temperatures. Aluminizing process allows protection of the surface of Ni alloys by producing, during oxidation, the continuous and compact layer which consist of the alumina and chromium oxides (Al 2 O 3 and Cr 2 O 3 , respectively) on Nimonic 90 alloy.
Experimental Details

Materials
Inconel 600, 625 and Nimonic 90 alloys were investigated. The roller specimens were used for the study. These alloys are widely used in wide range of applications, especially those which are working at high temperature [24] [25] [26] . Chemical composition of these materials is given in Table 1 .
Chromoaluminizing Process
The powder mixture consisted of 60% w/w of metallic part (80Al-20Fe-Cr), 39.5% w/w of kaolin and 0.5% w/w NH 4 Cl as activator. The powder mixture was dried in 150°C for 24 h. The specimens were placed in a heatresistant steel tube. This tube was positioned on the vertical furnace which was heated to 950°C. The process lasted for 4 h.
Microstructure Analysis and Surface Condition
The microstructure of the polished and etched cross section of the specimens was observed. For this purpose, scanning electron microscope Tescan Vega 5135 and confocal scanning microscope Zeiss LSM 710 were used. Confocal images were observed using a wavelength of 458 nm emitted from argon laser. Microscope worked in the After the aluminizing process, the specimens were polished using abrasive paper with different granularity, and afterward Al 2 O 3 was exploited. To reveal the microstructure of diffusion coatings and materials, the etching solution consisting of copper (II) sulfate (CuSO 4 ), hydrochloric acid (HCl) and water (H 2 O) was applied.
Microhardness Profiles
On the polished cross section of specimens, microhardness profiles were measured. The Vickers method and Buehler Micromet II apparatus were used for the measurement, which was carried out at the load of P = 50G (0.491 N).
Oxidation Test
The specimens were placed in the furnace in the ceramic boats. The parameters of the study were: temperature 1000°C, cycle time 2 h and 10 cycles. After that, the specimens were cooled down to the room temperature and weighed. The heat resistance was described by the weight change with respect to the total area of specimens. 
X-ray Microanalysis and Phase Analysis
Diffractometer with Cu Ka radiation PANalytical Empyrean was used for the phase analysis by X-ray diffraction of the coatings. The chemical composition of prepared layers was investigated by X-ray microanalyzer PGT Avalon equipped with EDS 55°takeoff angle, and the accelerating voltage was 12 kV.
3 Results and Discussion
Microstructure
The microstructure of prepared aluminizing layers, modified by chromium, is shown in Fig. 1 . The layers are multizones and multiphases. In Fig. 1a , b, the microstructure of Inconel 600 is shown. Three zones are observed; the first one contain bright small intermetallic phase. In the next zone, intermetallic phases are bigger than in the first zone. Between these phases, the dark area is observed, which is probably the constant solution. The last zone in these layers is the continuous area with good adherence to the base material aluminizing layers prepared on Inconel 625 which are shown in Fig. 1c, d . In the figure, four zones strictly adhering to each other are easily noticeable. In the first two zones, a large amount of bright intermetallic phases is observed. These phases are also observed in the layer on the Inconel 600. The next zone consist of dark, probably intermetallic phases. The last zone is characterized by good adhesion to the base material. Microstructure of Nimonic 90 alloy with aluminizing layers is shown in Fig. 1e , f. This layer is more uniform than the other layers. This layer consist of three zones. In the first one, the large intermetallic phases are observed. In the next zone, the intermetallic phases are smaller than in the first zone. The last zone is probably the constant solution, which has good bond with the base material.
Very similar results, i.e., microstructure and the same intermetallic phases, are obtained and have been reported recently [2, 17, 27] . In microstructure of each sample, the intermetallic phases are probably: c-NiAl, c'-Ni 3 Al and aCr between them.
Microhardness Studies
The microhardness of aluminized layers produced on nickel alloys is shown in Fig. 2 . The layers produced on Nimonic 90 are characterized by 908.9 HV0.05 microhardness, and these layers have the highest hardness in comparison with the others. Inconel 600 and Inconel 625 displays 739.2 HV0.05 and 825.2 HV0.05 of microhardness, respectively. The microhardness of transition zones, which displays good adherence to the basic material (probably it was a constant solution Cr and Al in Ni), has a larger value for Nimonic 90 (604.5 HV0.05), second is Inconel 625-550.8 HV0.05, and the last one is Inconel 600-520.9 HV0.05. Each layer has a beneficial gradient of hardness, which is revealed in the mild decrease in this parameter with increased distance from the surface. In comparison, the microhardness of aluminizing layers which are produced on Armco iron, St3 and gray cast iron are 745 HV, 811 HV and 1450 HV, respectively [28] . Also, on the nickel alloys, boriding with titanizing treatment can be applied. In this case, the microhardness of these layers are approximately 251473354 HV0.005 because the layers are made from tough borides such as TiB 2 [29] . However, after boriding itself, nickel alloys are 
Hot Oxidation Examination
In Fig. 3 , the results of oxidation in elevated temperature tests are shown. Curves for Inconel 600 with the layer are characterized by smaller mass losses than the base material after 10 h of annealing. Some spalls are observed on the sample with the layer after this time. These spalls indicates that the loss of mass is bigger for the sample with layer.
In case of the Inconel 625, the sample with the layer displays better heat resistance, which is reflected in lower mass loss in comparison with base material, after the total time of annealing.
Nimonic 90 without layers is characterized by variable course of mass changes. After 2 h, the sample demonstrates a determined (considerable) increase in mass and proves to be the biggest of all samples. After 4 h, a part of the layer separates and the mass of the sample dramatically decreases. Materials are characterized by high oxidation resistance when compact oxide layers are produced on their surface, without defects in the crystal structure. Because of that on the Nimonic 90 surface, the discontinuous oxide layers with a lot of defects are produced in the initial stage of hot corrosion. Defective structure causes a rapid weight gain because of the easy diffusion of oxygen on the sample's surface. After 2 h of oxidation, the discontinuous oxide layers are separated. Next, the surface is permanently oxidized. These oxide layers are probably obtained from nickel oxide (NiO), which is characterized by very poor heat resistance and it does not protect the materials' surface. The sample with the layer shows only slight mass changes, thus displaying the best heat resistance quality among all the tested specimens.
In Figs. 4, 5 and 6, the surface condition of materials after 2 and 20 h of annealing at 1000°C is shown. These figures indicate how the surface get altered after a longer time of annealing. Some of the changes may include: formation of the oxides and loss of mass, which occurs as a dark area in the figure. The smallest alterations are observed in Fig. 6 which shows the surface of Nimonic 90 with layers. Therefore, the Nimonic 90 with layer has the best heat resistance. The differences in heat resistance of each layers depended on the structure and properties of the layer as well as on types of oxides which are produced on the sample's surface. The aluminum (Al 2 O 3 ) and chromium (Cr 2 O 3 ) oxides are characterized by the best heat resistance; therefore, on the surface of Nimonic 90 with the layer these oxides are most likely to be produced [31] . The presence of these oxides on the Nimonic 90 surface can be proved by the phase analysis discussed in Sect. 3.4.
Phase Analysis
In Fig. 7 , the XRD patterns of the Nimonic 90 with or without layers are shown. The phase analysis shows that on the surface, after annealing at 1000°C for 20 h, some oxides are produced: Al 2 O 3 , NiO and Cr 2 O 3. On the samples is without layer (Fig. 7a) , mainly the NiO oxides are produced. This discontinuous layer does not protect the materials against oxidation, which penetrates the base materials, especially through grain boundaries [5] . However, on the sample with the layer (Fig. 7b) , the following oxides occur: Al 2 O 3 and Cr 2 O 3 . These oxides form the protective layer, which protect the base material against oxidation.
X-ray Microanalysis
Linear X-ray Microanalysis
In Fig. 8a , the linear X-ray microanalysis, of aluminized layer, modified by chromium, produced on Inconel 600 is shown. At first, it is easy to notice that the amount of chrome is very low, but the values of aluminum and nickel are higher. The intermetallic phase contains very low contents of chrome. It can be observed that the positive and negative peaks of nickel overlap with negative and positive peaks of aluminum, respectively, which means these elements displace each other in the individual areas of layers. From the distance of 150 lm from the surface, the content of chrome increases, which means intermetallic phases have higher amounts of chrome and less of nickel and aluminum. Chrome and nickel reaches the largest content in the transition zone, but the aluminum still decreases. This zone is probably the solid solution of chrome and aluminum in nickel. After the transition zone, the content of each element reaches the value characteristic for the base material. In Fig. 8b , the linear X-ray microanalysis, of aluminized layer, modified by chromium, produced on Inconel 625 is shown. Lines of chrome, aluminum and nickel have very similar variations to the lines in Fig. 8a . In the case of this material, the variation of molybdenum can be measured. The negative and positive peaks of molybdenum are observed, and these peaks overlap with peaks from aluminum and nickel. In the transition zone, the content of aluminum decreases to the amount which is characteristic for the base material, while the amount of other elements increases.
The microanalysis of aluminized layer, modified by chromium, produced on Nimonic 90 is shown in Fig. 8c . The analysis includes the following elements: nickel, chrome, aluminum, titanium and cobalt. In this layer, the content of aluminum and nickel have the highest value and variation is was very similar to the previous layers. At a distance of 100 lm from the surface, the positive peak of chrome is observed. This peak overlaps with negative peaks of nickel and aluminum, which means chrome displaces these two elements and the phase with a lot of chrome is produced. The content of chrome in the layer is very low, but the amount of cobalt rises from the surface to the base material. The trace amount of titanium is observed. 
Chemical Composition Analysis After Annealing at 1000°C
Surface condition of Inconel 600 samples, with and without layer, after annealing at 1000°C for 10 h is shown in Fig. 9 . The chemical composition of these areas was measured and is given in Table 2 . These results indicate that the chrome and nickel oxides were produced on the sample without layer, whereas on the surface of the sample with the layer the amount of chrome and nickel oxides was reduced instead of aluminum oxides. Sample without layer was more uniform and compact. After annealing for 20 h, the samples showed a similar behavior like that after 10 h (Table 2 ). In Fig. 10 , the surface of Inconel 625 after annealing at 1000°C for 10 h can be observed. The sample without the layer has large grains and extensive topography. Analysis of chemical composition proves that on the surface, a lot of chrome oxides are produced (Table 3) . While on the surface of the sample with the layer, less amount of chrome oxides but a lot of aluminum oxides are produced. After 20 h of annealing, the changes in chemical composition are identical such as that after 10 h. The difference can be observed in the microstructure of samples: without layer has large grains, but this with layer is very uniform and compact.
Surface condition of Nimonic 90 alloys which are annealed for 10 h and 20 h is shown in Fig. 11 , and the chemical composition of sample's surface is given in Table 4 . Sample with no layer, after 10 h of annealing, is built with large grains, and dark area is located below the bright one. Sample with layer is more uniform. Analysis of chemical composition shows that the sample with layer absorbs more oxygen than the sample of pure alloy, and the aluminum oxides are produced. On the pure alloy, the nickel and chromium oxides are produced. After annealing for 20 h, sample of pure alloy has small grains, but in some place, loss of material is observed. Sample with layer does not have a lot of changes in comparison with sample after 10 h of annealing. The nickel and chrome oxides are produced on the sample of pure alloy, but on the sample with layer, aluminum oxides are produced in large amount.
Conclusions
In conclusion, our results indicate that aluminized coatings, modified by chromium, produced on nickel-based alloys after chemical heat treatment had a surface in good condition, with small roughness, and layer loss was not observed. Aluminized layers are characterized by multiphase and multizone microstructure. Each layer was composed of bright intermetallic phases and solid solution, probably chrome and aluminum in nickel, which had good adherence to the base material. Layer which was produced on Nimonic 90 had the largest thickness in comparison with the layers produced on other materials. The layer on Inconel 625 had the smallest thickness. The layer produced on Nimonic 90 had a higher hardness (908.9 HV0.05). Inconel 600 with the layer was characterized by smallest hardness which was equal to 739.2 HV0.05. Nimonic 90 after aluminization had the best heat resistance because after 20 h of annealing the mass change was scant, approximately equal to 0.
The linear X-ray microanalysis proved that the distribution of element concentration was approximately equal for each material. In each layer, the amount of aluminum and nickel was higher, but the amount of chrome was on the lower level. Chemical composition analysis after annealing at 1000°C proved that on the surface of pure alloy sample, the chrome and nickel oxides were produced. On the surface of the samples with the layer, the aluminum oxides were observed. These studies showed that the best layer was produced on the Nimonic 90 alloy. This layer had very good properties such as great thickness, high hardness and high heat resistance. 
